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Summary—The present experimental and theoretical study has 
been designed to uncover the mechanism underlying the rapid re- 


covery of electrical strength of a short vacuum gap after arcing. In 


the experiment the contacts were of gas-free silver and the contact 
area and gap length were varied. Recovery strength was measured 
following the forced extinction of a 250 amp arc in 0.5 usec. This 
rapid cutoff of current has revealed detail in vacuum arc recovery 
curves which is difficult to observe by other experimental techniques. 
The experimental results show that the gap recovery times range 
from 1 to 30 usec depending on the gap proportions. Recovery is most 
rapid for large diameter contacts which are closely spaced. In the 
theoretical analysis, the recovery times for various gap proportions 
were calculated by following the decay of the metal vapor density in 
the gap from an initial density, present at arc extinction, to a final 
critical density characteristic of full gap recovery. The reasonable 
agreement between the measured and calculated recovery times 
lends support to a model in which condensation of metal vapor on 
the contacts plays a decisive role in the rapid recovery of electrical 
strength in a vacuum gap after arcing. 


INTRODUCTION 
Q ote PROBLEM of the interruption and recovery 


of electric strength in a vacuum arc is of interest 

for at least three reasons. 1) The very rapid re- 
covery to an ultimately high dielectric strength of a 
vacuum gap after arcing, compared with other inter- 
rupting media, is of considerable practical significance. 
2) The simplification of the arcing and recovery proc- 
esses introduced by the absence of an ambient atmos- 
phere provides a particularly favorable opportunity to 
check theoretical prediction against measurement. 3) 
This area of investigation is relatively unexplored, there 
existing little published information on the vacuum 
arc [1] when contrasted with the large body of litera- 
ture dealing with low and high pressure gas discharges. 
The work on vacuum arcs that has been reported in 
the literature has only rarely been carried out under 
conditions allowing a ready and unambiguous inter- 
pretation of the results. Two principal problems asso- 
ciated with this earlier work have been the lack of a 
clean, well evacuated device and the presence of gases in 
the contacts which can be released during arcing. How- 
ever, highly purified metals having an ungettered gase- 
ous impurity concentration of one part in 10° are now 
available for electrodes [2] while careful high vacuum 
processing of the arcing vessel can eliminate contami- 
nants such as oxides, carbon, or low work function im- 
purities from vital surfaces within the discharge tube. 
These recent advances have been applied in the present 


study. 


Although the vacuum arc is one of the simplest of 


Manuscript received June 10, 1964; revised Séptember 14, 1964. 
The authors are with The General Electric Research Laboratory, 
Schenectady, N. Y. 


high current discharges, in that the conducting medium 
is supplied solely by the erosion of the contacts while 
arcing, this simplicity is only relative. An inconveniently 
large number of variables still remain. To make the 
problem of vacuum arc recovery tractable theoretically, 
a simplified, well-controlled experiment has _ been 
carried out in which the contact area and gap length 
alone were allowed to vary. In the following, the results 
obtained in this experiment are presented and _ inter- 
preted quantitatively in terms of a theoretical model. 


EXPERIMENT. 
Experimental Tube 


To relate changes in recovery strength to gap propor- 
tions, two different pairs of gas-free silver electrodes 
were used during the experiment, one with 1.27 cm 
diameter faces, the other with 5.08 cm diameter faces. 
The electrodes, as well as other details of the arcing 
chamber, are shown in Fig. 1. 

In earlier work [3], [4] it had been observed that a 
glass surface in the immediate vicinity of a gap in 
vacuum adversely affects its breakdown characteristics. 
The present experimental tube is arranged such that 
the internal glass surface of the insulator is remote from 
the gap. 

The experimental device was processed by first 
vacuum firing the electrodes at 800°C, then assembling 
the tube and baking it out at 400°C for 12 hours. After 
cooling it was sealed off at a pressure less than 1077 torr. 
The device was finally mounted on an operating 
mechanism by means of which the movable contact can 
be locked against the opposing one until it is released 
at the desired instant by means of a solenoid. 


Arc Recovery Strength Measurement 


Arc recovery strength measurements were made in 
the circuit shown in block form in Fig. 2. The arc cur- 
rent circuit itself consists of a current measuring shunt, 
the gap under study, and two vacuum switches, all in 
series with an ac power source connected by an elec- 
trically controlled contactor. A series resistor R serves 
to limit the arc current to the desired value. 

Prior to the measurement of a single data point, the 
contacts in all three vacuum devices are closed. The 
contactor is then closed electrically at an instant such 
that current begins to flow in the arc current circuit 
just before the beginning of a positive half cycle of 60 
cycle power. After current has been established, the 
contacts in the two vacuum switches Sw I and Sw I] 
are separated by solenoids and two arcs in series are 
drawn. The proper operation of these switches can be 
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Fig. 1—Experimental tube showing 1.27 cm and 5.08 cm 
contacts in position. 
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Fig. 2—Circuit for determining arc recovery strength. 
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Fig. 3(a)—Arc current waveform. Time scale 1 msec per major 
division; vertical current sensitivity 165 amps per major division. 
(b) Oscillogram of forced arc extinction. Time scale 0.5 usec per 
major division; current scale, 83 amps per major division. 


verified by observing on an oscilloscope the current 
flow as determined from the output of the coaxial cur- 
rent shunt. The resulting waveform is represented by 
the oscillogram in Fig. 3(a). The slight reduction of 
current at ¢; and ¢, in this figure result from the insertion 
of the arc drops in Sw I and Sw II and are reliable in- 
dicators of the opening time of these devices. 

At time ¢z; the contacts in the vacuum gap under 
study are separated. This event can also be verified 
by a slight depression in the current waveform: The 
arcs in all three gaps are then allowed to burn for 3 
msec beyond ¢;. Since the contact opening time for all 
three gaps is about 2 msec, the 3 msec period ensures 
that the gaps are fully open. Approximately at time fo 
the GL-7171 ignitron is fired. This discharges the 
capacitor C (charged to 2.5 kv) and causes a transient 
current to circulate in the three vacuum switches. This 
transient current is somewhat greater than and opposes 
the instantaneous current in the vacuum switches be- 
ing supplied from. the ac power source and therefore 
extinguishes all three arcs. After the transient has 
passed the arcs fail to reignite from the relatively low 
voltage ac power source (110 volts ac). 

The ignitron circuit, as shown in Fig. 2, has as its 
load not only the three vacuum switches, but also the 
110 volt ac power source. To protect the latter from 


excessive voltage, a surge suppressor circuit was used 


across the power lines throughout the experiment. 

In practice, a finite time is required for the current 
from the ignitron circuit to reach a magnitude sufficient 
to extinguish the arcs in the vacuum devices. With the 
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‘capacitor C charged to 2.5 kv and an instantaneous 


current from the ac power source of 250 amps, this 
time was 0.5 psec and is represented in Fig. 3(b) by the 
period between ¢, and fo. 

To summarize the operation of the arcing circuit up 
to time ¢o, an arc has been established in the gap under 
study, then extinguished, and finally the gap has been 
electrically isolated from the ac power source by the 


extinction of the arcs in Sw I| and Sw II. 


At a predetermined delay following the extinction of 
the arc [at time ¢, in Fig. 3(b) |, a negative high voltage 
pulse is applied to the residual arc plasma in the gap 
under study of a polarity such that the arc anode be- 
comes the pulse cathode. (The reason for the reversal of 


the polarity is to simulate the reverse voltage commonly 


appearing across an interrupter when used in a real 
power system.) Pulse voltage, regardless of delay time, 
is maintained at a peak value of 100 kv, with a rise time 
from: 10 percent to 90 per cent of peak value of 0.2 
usec. Breakdown of the gap, which always occurred on 
the rise of this pulse, was observed by means of a 
capacitance divider and a type 545 Tektronix oscillo- 
scope. Each breakdown was recorded photographically. 
This event, together with a record of the delay between 
arc extinction and application of pulse voltage, repre- 
sents a single data point. This, along with other points 
showing breakdown at various voltages along the rise 
of the pulse for different delays, makes up the recovery 
strength curve. In obtaining such data it is important 
to know that breakdown has occurred across the silver 
gap and not across the two series vacuum switches, 
Sw I and Sw II. This is determined for each data point 
by-observing the pulse of current in the coaxial current 
shunt resulting from breakdown in the silver gap. If 
breakdown occurs through the “backup” switches, this 
current will not be observed. The series combination of 
Sw I and Sw II is used to reduce the probability of such 
an occurrence. 

In the present circuit, the high voltage pulser and 
the GL-7171 ignitron are triggered from the same 
point (J in Fig. 2) through separate delay units. Trigger 
delay A in Fig. 2 determines the delay time between 
arc extinction and application of pulse voltage. Added 
to this delay, however, is a certain fixed time required 
to fire the pulser. If the ignitron were triggered at the 
same time as trigger delay A, the minimum delay in- 
terval between arc extinction and application of the 
pulse (z.e., with delay A adjusted for zero delay) would 
be determined principally by the fixed pulser triggering 
time, in this case, about 2 usec. By adding trigger delay 
B, the firing of the ignitron can be delayed a few micro- 
seconds to compensate for this. The lengthening of arc 
burning time by these few microseconds is negligible 
compared to the 3 msec arcing period and allows ap- 
plication of pulse voltage to the gap consistently within 
0.2 usec of arc extinction. 


During the initial stages of this experiment, an at- 
tempt was made to produce a chopped current wave- 
form by resorting to a current diverting technique simi- 
lar to that employed by Crawford and Edels [5] in their 
studies of recovery phenomena in gases. While the de- 
cay rate of 40 amp/ysec achieved in their work was well 
suited for the investigation of gaseous recovery, it was 
found that this method is less suited for the study of 
the very rapid processes occurring in vacuum arc re- 
covery. As a consequence, the method of forced arc 
extinction already described was applied. This has the 
advantage that the current decay rate is not limited 
passively by the ratio of circuit inductance to resist- 
ance but rather by the risetime of the circuit producing 
the reverse current pulse, in this case the ignitron cir- 
CUIT: 


Experimental Results and Discussion 


Data were taken according to the procedures just de- 
scribed for the 1.27 cm diameter and the 5.08 cm di- 
ameter silver contacts in vacuum with 3 different gap 
lengths: 0.76 mm, 2.3 mm, and 4.6 mm. The results 
for the small diameter contacts are shown in Fig. 4 and 
the results for the large diameter contacts in Fig. 5. 
Each point on these figures represents the average of 
approximately 10 data points with the indicated limits 
of probable error. 

The probable errors per kilovolt in these data have 
values varying between 0.2 and 0.4 and show no trend 
with respect to gap proportions. By ordinary measure 
this error is large and tends to emphasize the fact that 
no two successive arcs are identical. Therefore, each 
of the data plots has been shaded in an attempt to 
indicate the region in which a smoothly varying re- 
covery curve for a single arc must lie. The time scales 
for the data taken with the two longest gap lengths in 
Figs. 4 and 5 have been drawn so that these recovery 
data can be easily compared with those for the shorter 
gaps. To gain a better appreciation for the development 
of recovery strength at long delay times, these data 
have been replotted with a few additional points on a 
log-log scale in Figs. 6(a) and 6(b). 

A significant difference between these various curves 
is the time required for the gap to attain full recovery. 
An examination of the curves shows that for a fixed 
gap length, recovery proceeds most rapidly for the large 
diameter electrode. On the other hand, for a fixed 
electrode diameter, recovery proceeds more rapidly 
with decreasing gap length. As a general result we 
would infer that gap recovery is most rapid for large 
diameter electrodes which are closely spaced. 

Another striking difference between Figs. 4 and 5 Is 
the presence of a recovery “plateau” extending to a 
delay time of about 4 psec for the 1.27 cm contacts. 
This behavior is exhibited only to a limited extent, if 
at all, for the 5.08 cm contacts. An explanation is 
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Fig. 4—Arc recovery strength data for 1.27 cm 
diameter silver contacts in vacuum. 
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Fig. S—Arc recovery strength data for 5.08 cm 
diameter contacts in vacuum. 
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Fig. 6—Log-log plot of arc recovery strength data for 4.6 mm gap 
length. (a) Contact diameter 5.08 cm. (b) Contact diameter 
2 cin. 


offered along lines similar to that suggested for the 
plateau observed during arc recovery in gases [5]. The 
effect may be the result of long path breakdown along 
fringing field lines lying outside the gap volume. There 
are a large number of breakdown paths along these 
field lines with differing metal vapor densities along 
each one. This makes possible many combinations of 
path length and density while the metal vapor in the 
gap disperses. The plateau in the recovery curve could 
therefore represent a period during which breakdown 
occurred along a path outside the gap such as to mini- 
mize breakdown voltage. This mechanism would seem 
appropriate, however, only if the residual charges in 
and surrounding the gap are collected at the contacts 
during the rise of the applied pulse voltage. If this were 
not the case, the electric field resulting from application 
of pulse voltage at short delay times would not pene- 
trate the residual plasma existing shortly after extinc- 
tion of the arc. 


THEORY 


One of the striking features of the experimentally 
determined recovery characteristics is the strong de- 
pendence of the recovery time on the gap proportions. 
The problem we now set ourselves is to account quan- 
titatively for this dependence. 

In order to calculate the time for the gap to fully 
recover, we start with the following tentative assump- 
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tions. 1) The electrical strength of a vacuum gap during 
the recovery period depends strongly on the density of 


the metal vapor present in the gap. 2) Recovery is es- 
sentially complete when the residual metal vapor in the 
gap becomes so tenuous that the breakdown mechanism 


depends only on the surface properties of the elec- 


trodes. 

The strategy of the calculation will be to determine 
the time required for the metal vapor density to decay 
from some initial value present at time zero to some 
final value characteristic of full recovery. The calcula- 
tion can thus be divided into three parts. 1) the de- 
termination of the metal vapor density mo present in 
the gap at arc extinction, 2) the determination of a 
critical density 1. marking the onset of full recovery, 
and 3) the determination of the decay of the metal 
vapor density with time. 


- Determination of the Initial Vapor Density 


Our starting point for the determination of the metal 
vapor density present in the gap at arc extinction is the 
integral form of the particle conservation equation 


0 
sine i)dr = -$ I'-dS (1) 


applied to the cylindrical gap volume. Since we are 
interested in the neutral particle density averaged over 
the gap volume V, 


1 
nt) = —[o ft, dt. 
Vly \ 
we can rewrite (1) as 


Le Sn G [teasi= [ Taas, (2) 


dn(t) 
dt 


V 


where the second term represents the particle loss per 
second at the bounding surfaces of the gap volume 
and the term on the right gives the number of particles 
per second evaporated into the volume from the 
cathode. The coefficient c; is the condensation coef- 
ficient for the ith surface. We can solve (2) for 7(¢) 
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nv (—) 
Tr; a Cre ae FFP: : 
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Rewriting (2) we have 
dni(t) | 
—— + 6n(t) = Sd) 
dt 
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where 


The solution to this system is easily found by ap- 
plication of the Laplace transform and can be written: 


a(t) = (S/B) exp (—B’) ! — exp (—in) 


6 
yi — B 


a 


feo c- avyyt (4) 


where to=(t2—t) is the duration of the arc burning 
cycle and the time ¢’ is now measured from the end of 
the arc burning cycle; 2.e., t’=(t—k). The arc burning 
time t) is chosen long enough so that exp (—{fpo) is 
negligible. : 

It should be pointed out here that the use of the in- 
tegral form of the particle conservation equation to 
calculate the average particle density at arc extinction 
rests on a view of the arcing mechanism which we will 
now make explicit. 

There is some evidence [2], [6], [7] to support the 
view, implicit in our formulation, that for a vacuum 
arc of moderate arc current the space between the 
electrodes is filled with a diffuse plasma and that the 
only vapor emission is from a multiplicity of randomly 
moving cathode spots. For very large arc currents it 
could be quite otherwise. For arc currents of the order 
of tens of thousands of amperes the release of metal 
vapor from the electrodes may become so great that the 
arc no longer resembles the typical vacuum arc, but 
resembles instead a high pressure arc with its attend- 
ant well defined column and anode spot. 

We are also assuming that the metal vapor in the gap 
volume is thin enough so that the use of (NV/4) for the 
flux outward at the boundary surfaces is justified; that 
is, the particles escaping through the boundary have 
been drawn from the whole gap volume. 

The problem now is to determine 5, 8, and y for our 
experimental situation. 

Let us first consider 8. The two quantities that must 
be specified are 3 and c. Where the condensation coeff- 
cient c is concerned the chief uncertainty is in the value 
to be assigned to the electrode surfaces. For the curved 
surface bounding the cylindrical gap volume we can 
take c=1, since atoms moving outward through this 
surface are as effectively lost as though they condensed | 
on the surface. For the value of c on the electrode 
surfaces we must resort to experimental evidence. 

Frauenfelder [8] and Devienne [9| have reported 
condensation coefficients for silver to be 0.3 to 0.8 and 
0.9 to 1.0 respectively. More recently Chandra and 
Scott [10] have reported condensation coefficients 
which were appreciably less than unity for the growth 
of gold, silver and copper from the vapor at high beam 
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fluxes. For silver, at fluxes of about 10' atoms/cm?sec 
the condensation coefficients ranged between 0.982 at 
—28°C and 0.879 at 171°C. Previously, Yang, Simnad, 
and Pound [11] had determined the condensation co- 
efficient for silver to be 1.0 at low fluxes of 10! atoms 
/cm’sec at 192°C. In an attempt to resolve the dis- 
crepancy, Rapp, Hirth, and Pound [12] reopened the 
problem and determined the condensation coefficients 
for silver at relatively high fluxes of 1.3—4.5x<10" 
atoms/cm/?’sec, temperatures between 45°C and 440°C 
and residual gas pressures between 4.4x10- > and 
6x10-!° torr. Particular attention was paid to the 
effect of the residual gas pressure in the vacuum system 
on the condensation coefficient. The condensation co- 
efficient was found to be unity within the experimental 
error. In what follows we will take c=1 at the electrode 
surfaces. 3 

As mentioned above, 6 also depends on the mean 
thermal speed, and, consequently, on the temperature 
of the neutral vapor; 1.e., the gas temperature of the 
arc. As far as the gas temperature goes, we recall again 
that we are dealing with a vacuum arc and not an 
atmospheric pressure arc in which the gas temperature 
can be of the order of 5000-6000°K. Since we have a 
diffuse plasma in the gap volume during the arc burning 
cycle rather than a constricted column, it seems rea- 
sonable that the metal vapor temperature will not 
exceed the temperature of the cathode spot giving rise 
to the vapor. For silver, from power balance considera- 
tions at the cathode spot, Cobine and Burger [13] put 
an upper limit of 3000°K on the cathode spot tempera- 
ture. We will take 2000°K as the temperature of the 
neutral metal vapor. Since the dependence of the mean 
thermal speed on the temperature goes as the square 
root, our lack of a precise value for T is not serious. 

The value of S can be determined from vacuum arc 
erosion data. The loss of metal from the cathode is 
usually given as a function of the total charge passed. 
Actually, there are indications that the loss depends 
not only on the total charge, but also on the magnitude 
of the arc current [14]. We are fortunate in having 
available vacuum arc erosion data for silver obtained 
by Cobine |2] under conditions similar to those pre- 
vailing in our experiment. The relevant erosion data is 
presented in the following. 


ATG Amp-sec Cathode Erosion rate 
current of weight loss from cathode 
(amps) arcing (grams) (grams/coul) 

162.5 | 126.8 0090975 i Tl xKA0? 

133.9 | LOW 0.0400 | eS, ees Cel ag: 

100. 2 <5 | 8259 A ee 2010396 3 ado 

68.1 ! 54.4 | 0.0187 3.44% I 


The electrodes used in the erosion measurement and 
the electrodes used in our experiment came from the 
same sample of high purity, gas free silver. 

The average cathode erosion rate determined from 
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these measurements is 4.6X1074 g/coul.! To be con- 
sistent, we must correct this measured cathode erosion 
rate to take into account the recondensation of silver 
vapor on the cathode. We can do this by applying (2) 
to the particular gap geometry used in the erosion meas- 
urement, e.g., plane parallel electrodes 1.59 cm in di- 
ameter and a 0.64 cm gap length. For a steady state 
and c;=1.0 at each surface bounding the gap volume we 
obtain 


Aer Aga Ae 


ye 
| [t.-as.— ra. 


where A,, A,, Aw are the areas of the anode, cathode, 
and cylindrical surface, respectively, bounding the gap 
volume. The right-hand side of this equation is the ratio 
of the true rate of loss of atoms at the cathode to the 
measured or apparent rate of loss. Evaluating the ratio 
of areas from our knowledge of the gap volume dimen- 
sions we find that the true erosion rate is 1.38 times the 
measured erosion rate of 4.61074 g/coul. The cor- 
rected value, 6.3X107+*. g/coul, is the value we will 
use in our subsequent calculations whenever the as- 
sumption of metal vapor condensation on the elec- 
trodes is made. Although this is a small correction, it is 
included for the sake of consistency. 

Vacuum spark erosion data obtained by Vargo and 
Taylor [15] for silver give a value of 510-4 g/coul, 
which is in reasonable agreement with the above. The 
only other known measurement for silver is that of 
Reece [6] who obtained a value of 0.3510 g/coul 
for a current of 30 A. The reason for the discrepancy 
between this value and those given above is unknown. 

Finally, the decay constant y is obtained from the 
fact that the arc current in the experiment decays from 
Io to 0.1 Lo in 0.5 psec. 

We now have all the information we need to calcu- 
late from (4) the average number density of neutral 
atoms in the gap volume at the end of the arc burning 
cycle or for any subsequent time. We are particularly 
interested in # at arc extinction (0.5 usec after the arc 
current starts to decay), for it is this value which we 
will take as defining the initial state of the gap in our 
study of the recovery of electrical strength. 

At this point we should mention an interesting con- 
sequence of (4) which can be seen by writing out the 
steady state number density of neutral particles during 
the arc burning cycle. Assuming metal vapor condensa- 
tion on the electrodes, this is 


1 The currents for which the erosion data for Cobine and Vander- 
slice [2] were obtained are reasonably close to the arc current in the 
present experiment. We have therefore chosen to obtain an average 
erosion rate by taking the arithmetic mean of these results rather 
than use the empirical expression M.=b(I-t)™ given in Cobine and 
Vanderslice [2]. 
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where a is the electrode radius, L is the gap length, and 
dis the mean thermal speed of the metal vapor atoms. 
The surface integral gives the number of atoms per 
second evaporated into the gap volume from the cath- 
ode spots. If rapid gap recovery depends on removing 
metal vapor as rapidly as possible from the gap volume, 
we can help ourselves considerably by starting with as 
small a particle density as possible at the end of the arc 
burning cycle. For this to occur, (5) tells us that we 
need large contact surfaces made from a metal of low 
atomic weight which also has a low erosion rate. Since 
in general (L/a)<1, there is only a weak, dependence on 
the gap length. 


Determination of the Critical Vapor Density n, 


We count it a reasonable assumption that the re- 
covery of electrical strength is essentially complete 
when the residual metal vapor in the gap becomes so 
thin that the breakdown mechanism depends only on 
the surface properties of the electrodes. This onset to 
the “vacuum breakdown” region occurs when the mean 
free path X, of the residual atoms becomes greater than 
the electrode separation L [16]. We can therefore es- 
timate the critical number density n, from 


ha = (V2 nerd?) = RL. (6) 


Here d is the atomic diameter of silver which we will 
take as 2.88 X10-8cm [17] and & isa number somewhat 
greater than unity. Later we will find that it is possible 
to fix the value of k more precisely by treating it as an 
adjustable parameter to be determined by fitting the 
experimental data obtained for a variety of gaps. 


Decay with Time of the Metal Vapor Density 


There are two ways in which we can determine the 
decay with time of the neutral atom density in the gap 
volume. The first is to make use of (4), not only to de- 
termine the vapor density at arc extinction, but to 
determine the decay during the recovery period when 
the source of vapor has been removed. This is probably 
the most straightforward and most easily justified 
method. 

The second method is to take the average number 
density at arc extinction as our starting point and to 
consider the collisionless expansion into vacuum of a 
uniform column of metal vapor having this density. 
That is, starting with an initial distribution in space 
and velocity we can then calculate the density at any 
later time at any point in space accessible to the metal 
vapor. 

The treatment for a neutral gas expanding into a 
vacuum while its particles collide among themselves 
has been carried farthest by Keller [18] who found 
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solutions for certain initial distributions. Molmud [19] 
has shown that collision free and collisional treatments 
give closely similar results and that if great accuracy is 
not required one can use the simpler collisionless treat- 
ment. A thoroughgoing treatment of the problem of 
the collisionless expansion of gases into vacuum has 
been given by Narasimha [20] and includes a discus- 
sion of the conditions under which Molmud’s approach 
is valid. 

We will take as a starting point the following expres- 
sion given by Molmud [19] for the number density in 
the expanding cloud at a point r and ata time ¢>0 


nes = rare f ff 7ne.0 


exp |—(r — r’)?6/t2|dx'dy'dz’. (7) 


Here n(r’,0) is the initial density distribution and 
6=(M/2kT), M being the mass of the gas atom, k the 
Boltzmann constant and T the temperature of the gas. 
We are assuming a Maxwellian velocity distribution. 

Where Molmud considered the evolution of gas clouds 
of essentially simple configuration, we have the added 
complication of boundary conditions imposed on the 
flow; 2.e., the electrode surfaces. We can still apply (7), 
when metal vapor condenses on the electrodes and the 
arc chamber walls, if we recall that particles striking 
the electrodes are as effectively lost as though they were 
emitted into vacuum. Our problem is equivalent to the 
expansion of a finite cylinder of metal vapor into vac- 
uum. For our initial distribution we take 


when 0 <7’ <a; 


z <0, 


Opeigi<e 
a ea be (8) 


nin 0) =o 


= 0 forr > a; 


Carrying out the integration in (7) for this initial dis- 
tribution, we find for the metal vapor number density 
at the center of the gap volume at time ¢ after arc ex- 
tinction 


0) -aft-eo(—2) 
“HOOP ° 


The dimensionless variable @ is defined as a=t/(aG"/”). 
Though it is possible in principle to determine the 
number density at any point in space accessible to the 
vapor, it is sufficient and very much simpler mathe- 
matically to determine the number density at the gap 
center and to take this as a measure of the extent to 
which the gap volume has been cleared of vapor at 
time: £. 


Theoretical Results and Discussion 


The calculations which we will now discuss have in 
common certain assumptions which, in order to avoid 
later repetition, we will state here. In what follows we 
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will assume that metal vapor condenses on the elec- 
trodes, that the temperature of the metal vapor cloud 
at arc extinction is 2000°K, that the critical number 
density marking the onset to full recovery of electrical 
strength is determined from the condition that the 
atom mean free path be twice the gap length, a relation 
which gives the best fit to the experimental data 

The course of the decay with time of the neutral 
particle density, evaluated for different gap propor- 
tions, is shown in Fig. 7. 

That the experimentally observed dependence of the 
recovery time on the gap proportions is at least qualita- 
tively explained is evident from a study of the curves 
in Fig. 7. For a fixed gap length the time for the initial 
number density of neutrals to decay to the correspond- 
ing critical density will be less for the large diameter 
electrodes (B) than for the small diameter electrodes 
(A). In the case of a variable gap length, but fixed 
electrode diameter, we are again in qualitative accord 
with experiment. Comparing curves within a set 
(either A or B) we find that the time for the initial 


density to decay to the corresponding critical density 


is less for a smaller gap length than for a larger. 

Table I provides a comparison of the calculated and 
experimentally determined recovery times. The former 
is obtained by following the decay of the metal vapor 
density at the gap center. For each gap configuration, 
the critical number density of neutrals was obtained 
from the condition that the atom mean free path be 
twice the gap length. (Had we used the average number 
density this ratio of the atom mean free path to the gap 
length would have been somwhat greater, of the order 
of 2.4.) 

Because of the scatter in the experimental data the 
problem of determining the time for full recovery of 
electric strength is a difficult one. The method we have 
used [shown in Figs. 6(a) and (b)] involves the de- 
termination of the intersection of the two asymptotic 
lines best fitting the recovery characteristic in the re- 
gion marking the onset to full recovery. In general this 
method will give values of the recovery times which are 
on the low side. 

Two of the entries in Table I require comment. In the 
first entry the value zero is given as the calculated re- 
covery time. This stems from the fact that the critical 
density for this particular case (on the assumption 
that (A./L) =2) is somewhat greater than the density of 
neutrals at arc extinction, thus indicating that the 
gap should recover immediately. In the last entry, 
because of the uncertainty in the experimental deter- 
mination of the recovery time, a range of values is in- 
dicated. < 

A question that might be raised at this point con- 
cerns the presence of ionization in the gap volume and 
its neglect in our calculation. The extent to which we 
are justified in neglecting the ionization present in the 
gap volume is determined by the problen being solved. 
If we ask for the theoretical arc recovery characteristic 
for a given electrode material, arc current, and gap 
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Fig. 7—Decay with time of the neutral particle number density for 
various gap configurations. The dashed lines represent the neutral 
number density averaged over the gap volume and calculated 
from (4). The solid lines represent the neutral number density at 
the gap center calculated from (9). The horizontal lines (Ne): 
2=1, 2, 3 represent the critical number densities marking the onset 
of full recovery for the various gaps. 


TABLE | 


COMPARISON OF CALCULATED AMD MEASURED RECOVERY 
TIMES FOR DIFFERENT GAP PROPORTIONS 


Electrode Gap Recovery time (usec) 
diameter length 
(cm) (mm) calc. meas. 
5.08 0.76 0 1 
5.08 Dn) 4 f 
5.08 4.6 17 12 
eR VALE 0.76 7 7 
Dy 223 18 11 
2 4.6 28 20-30 


configuration then the ionization present at any instant 
must be known and its effect taken into account. If, on 
the other hand, we ask for the time required to go from 
arc extinction to full gap recovery, we are justified in 
neglecting the ionization present in the gap. The con- 
dition imposed, in calculating the recovery time, was 
that the breakdown voltage at full recovery depend 
strongly on the surface properties of the electrodes and 
very little on the density of metal vapor present in the 
gap volume. This condition expressed as a certain rela- 
tion between the atom mean free path and the gap 
length will remain valid independently of the degree of 
ionization of the residual metal vapor in the gap volume. 

It is interesting to note that arc recovery characteris- 
tics in gases (for short arcs) show a dependence on gap 
proportions which is qualitatively similar to the de- 
pendence we have found for the vacuum gap. However, 
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the mechanisms involved in the two cases are quite 


different. In a gas atmosphere the more rapid approach 


to full recovery observed with large contact areas and 
small gap lengths is attributed to an enhanced cooling 
of the gas column with a consequent increase in the gas 
density [5] [21]. With a vacuum gap, on the other 
hand, the more rapid recovery observed for large con- 
tact areas and small gap lengths is attributed to the 
condensation of metal vapor on the contact surfaces 
with a consequent reduction of the metal vapor density 
in the gap volume. Opposite branches of the Paschen 
curve are involved in the two cases. The time for full 
recovery is, of course, quite different in the two cases, 
being of the order of milliseconds for a gas and of the 
order of microseconds for a vacuum gap. 


CONCLUSIONS 


To uncover the mechanism underlying the rapid re- 
covery of a vacuum gap after arcing, by means of a 
combined experimental and theoretical approach, a 
simplified, well controlled experiment has been designed 
and carried out. In this experiment only the gap pro- 
portions were allowed to vary. 

Experimentally, it has been found that the time re- 


| quired for full recovery of a gap between silver contacts 


in vacuum, following forced extinction of a 250 ampere 
arc, ranged from about 1 usec to 30 usec depending on 
the gap proportions. This short recovery time is to be 
contrasted with the much longer recovery time in gases 
which is of the order of milliseconds. It has also been 
found that the recovery of electric strength is most 
rapid for large diameter contacts which are closely 
spaced. 

Theoretically, it has been found possible to account 
for these results by following the decay of the neutral 
metal vapor density in the gap from an initial density, 
present at arc extinction, to a final critical density 
characteristic of full gap recovery. The reasonable 
agreement between the measured and calculated re- 
covery times lends support to a model in which con- 
densation of metal vapor on the electrodes plays a 
decisive role in the rapid recovery of electric strength of 
a vacuum gap after arcing. 
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